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Cooperative Co%Co' Sites Stabilized by a Perovskite Matrix
Enable Selective C-O and C-C bond Hydrogenolysis of

Oxygenated Arenes

Manish Shetty®, Daniela Zanchet®@®! William H. Green® and Yuriy Roman-Leshkov*#

Abstract: A strontium (Sr)-substituted lanthanum cobaltite
(LapsSro2C003) matrix stabilized Co®%Co" catalytic sites that featured
tunable C-O and C-C hydrogenolysis activity for the vapor-phase
upgrading of oxygenated arenes. Co" sites associated with oxygen
vacancies were favored at low temperatures and performed selective
C-O hydrogenolysis where Sr-substitution facilitated oxygen vacancy
formation and led to ~10 times higher reactivity compared to undoped
LaCoOs. Co° sites were favored at high temperatures and performed
extensive C-C bond hydrogenolysis generating a wide range of
alkanes. The lower reaction order with Py, (1.1 + 0.1) for C-C
hydrogenolysis than for C-O hydrogenolysis (2.0 + 0.1) led to high
selectivity towards C-C hydrogenolysis at low Py,. Given that Coz0,
surfaces featured a narrower temperature window for obtaining the
respective optimal Co" and Co° pairs compared to analogous
perovskite surfaces, the perovskite matrix is implicated in stabilizing
these pairs for selective C-O and C-C hydrogenolysis. This
stabilization effect offers an additional handle to control reactivity in
oxide catalysts.

Metal-metal oxide interfaces play a crucial role in governing C-
O and C-C bond activation pathways.! These interfaces
modulate the activity and product selectivity by influencing the
adsorption and stabilization of intermediates, the availability of
different active sites and the reaction mechanisms through
structural and electronic effects.? In this respect, perovskite
oxides (ABOg3), with their compositional diversity at the A and B
sites offer ample opportunities to generate these interfaces that
tune the oxygen mobility and redox properties of the catalyst.!
These properties have been used in numerous catalytic
applications, including volatile organic compound (VOC)
elimination, soot combustion,® selective oxidation of alkanes,®
and NOy reduction.[ Sr-substituted perovskites rivaled Pt-based
commercial catalysts for NOy reduction under simulated diesel
exhaust conditions.[!. They have also shown superior
performance and tunability in electrochemical oxygen reduction
and oxygen evolution reactions.l”-81 Most notably, recent studies
have shown that under strongly reducing conditions, some late
transition metals (e.g., Ni) in perovskites undergo exsolution,
forming surface metallic clusters that are stabilized against
agglomeration by the underlying perovskite matrix, thereby
forming controlled metal-metal oxide interfaces.”®! Such interfaces
provide oxygen vacancies for CO, activation and metal sites for
C-C and C-H activation in the dry reforming of alkanes with
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superior activity, remarkable stability and resistance to coking.*
10]

In the context of renewable transportation fuels and chemicals,
metal-metal oxide interfaces have been tailored to upgrade
biomass-derived oxygenates via hydrogenolysis.l'2 ¢ 1 For
instance, oxygen vacancies on metal oxide can work
synergistically - with- metal sites  to catalyze C-O bond
hydrogenolysis, through enhanced H; activation on metal sites.®
21 For ethanol steam reforming (ESR) on cobalt oxide, Co® sites
catalyzed C-C bond cleavage, while the lattice oxide maintained
catalyst stability through the removal of dehydrogenated
fragments.?13 Surprisingly, despite their tremendous potential to
generate tunable metal-metal oxides interfaces,td o 14
perovskites have not been extensively studied as catalysts for C-
O and C-C bond cleavage in biomass-derived oxygenates.

Herein, we investigated the Sr-substituted lanthanum cobaltite
(LaosSro.Co03) catalyst for C-O and C-C hydrogenolysis of
oxygenated arenes using coupled reactivity and characterization
measurements. Specifically, we established the cooperative role
of Co" and Ca° sites for C-O and C-C bond hydrogenolysis by
studying the kinetics of C-C and C-O bond hydrogenolysis
pathways during anisole conversion in combination with post-
reaction X-ray photoelectron spectroscopy (XPS) and in situ
powder X-ray diffraction (PXRD) coupled with temperature
programed reduction (TPR). The role of Co" sites for the C-O
hydrogenolysis was further examined by considering the effect of
Sr substitution on oxygen vacancy generation and comparing the
C-0O hydrogenolysis reactivity of LaggSro.C003and LaCoOs. The
reaction pathways for the hydrogenolysis products were mapped
by studying the product selectivities with varying catalyst contact
times and H,O co-feed. Kinetic data for the reaction pathways
was assembled into a kinetic model to gain mechanistic insight
into the role of Ca® and Co" sites on the hydrogenolysis products.
Overall, this study illustrates how the stabilization of interfacial
Co® and Co" sites can be used as a handle to control C-O and C-
C hydrogenolysis activity.

Figure la shows the time-on-stream conversion profiles of
anisole using LagsSro2CoOs in the temperature range between
473 and 623 K. At 473 K (Py2 & 1 bar), a 12 h transient induction
zone was observed before reaching steady state at a conversion
of 38%. At 523 K, the induction zone was significantly reduced,
reaching a maximum conversion of 72% after ~1 h on stream. At
this temperature, a conversion of 55% was measured after 18 h,
consistent with a first-order deactivation rate constant of 0.02 ht
(Figure S2). At higher temperatures (573 and 623 K), no induction
zone was detected and the catalyst underwent a rapid initial
deactivation (0.06 and 0.36 h! first order constants, respectively)
achieving final conversions below 20%. The product selectivity
values were invariant after ~5 h at all temperatures (Figure S3).

Product selectivity was a strong function of the reaction
temperature (Figure 1b) and several reaction pathways were
identified in the temperature range between 473 and 623 K,
including C-O bond hydrogenolysis to benzene and methane, C-
C bond hydrogenolysis to form C1-C6 alkanes, hydrogenation to
form methoxycyclohexane and alkylation to form methyl anisole
and toluene. The selectivity to benzene decreased from ~75% at
473 K to ~20% at 623 K with a concomitant increase in the
selectivity to C1-C6 alkanes from ~5% at 473 K to ~70% at 623 K
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(see Figure S4 for product breakdown). The remaining products
represented less than 5% at all temperatures. The increase of C-
C bond hydrogenolysis products with temperature was expected,
as the formation of metallic Co at high temperatures (vide infra)
has been shown to favor the C-C bond cleavage reactions.['%
Interestingly, however, more than 80% of the hydrogenolysis
products corresponded to methane at 523 K (Figure S4),
suggesting strong adsorption of the reaction intermediates and
complete C-C hydrogenolysis at the active sites. Control
experiments using benzene as a feed at 523 K (Figure S5),
showed complete C-C bond hydrogenolysis to form methane with
low hydrogenation activity towards cyclohexane (~5%).
Surprisingly, cyclohexane did not react under identical conditions.

Guaiacol exhibited similar reactivity trends to those of anisole
at 523 K, with selectivity values approaching nearly constant
values after ~5 h on stream (Figure S6). Both anisole and guaiacol
exhibited selective Caomaic-OCH3 bond cleavage to form benzene
and phenol, respectively (Table S2). The phenolic Caromatic-OH
bond was difficult to break in guaiacol as seen by the low
selectivity towards benzene (~1.3%) and anisole (~1.6%).
Guaiacol exhibited higher carbon accumulation rates (80% of total
surface species) compared to anisole (50 % of total surface
species) after 16 h on stream, as detected by XPS. As such,
guaiacol conversion exhibited a higher deactivation rate (rate
constant 0.07 h'') compared to anisole (0.02 h't), likely because
of the faster accumulation of surface carbon (Figure S7).
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Figure 1. Reactivity of lanthanum strontium cobaltite (Lao.sSro.2C0o0Os) catalyst
including (a) Conversion of anisole, and (b) Steady-state selectivity towards
benzene and light gases (split as methane contribution from anisole HDO and
other light gases) at 4737623 K, 0.3-2.0 g Lao.sSr.2C00s. Reaction conditions:
Prota = 1.013 bar (Panisole = 0.0098 bar, balance Hy).
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To probe the reaction pathway from anisole, the conversion and
selectivity of benzene were analyzed with varying catalyst contact
times and Pw20. The steady-state selectivity value to benzene was
independent of the catalyst contact times spanning from 0.7 to 8.3
h (Figure 2a), implying parallel pathways for C-O and C-C bond
hydrogenolysis reactions stemming from a common surface
intermediate (Scheme S1). The addition of H,O co-feed®known
to competitively adsorb on active sites of metal oxides®at 523 K
and ~9.5 h (Figure 2b) instantaneously reduced the conversion of
anisole, but did not alter the product distribution. Upon removing
H,O at 14 h, the conversion increased again, reaching ~45% at
18 h. The reduction in anisole conversion in the presence of H,O
was not due to a shift in reaction equilibrium (see Table S3). We
hypothesize that H,O blocks the sites responsible for anisole
adsorption, as also reported for steam reforming and CO
oxidation.*¢! Further, H,O also inhibits the hydrogenolysis of
benzene with no appreciable changes in selectivity (Figure S5).
Taken together, we posit that the higher affinity of anisole to the
perovskite surface favors its high surface coverage and inhibits
the concerted C-C bond hydrogenolysis pathways of benzene.
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Figure 2. Reactivity of lanthanum strontium cobaltite (Lao.sSro.2C00s3) catalyst
including (a) Selectivity towards benzene and conversion of anisole with varying
catalyst contact times (1/WHSV) 0.7-8.3 h, 0.15-2.3 g Lao.sSr...Co0z. (b)
Conversion of anisole and selectivity of products during anisole HDO with and
without H20 as co-feed (Pr20 = 0.035 bar). Reaction conditions: Prota = 1.013
bar (Panisole = 0.0098 bar, balance Hz without H2O and Panisole = 0.0098 bar, PH20
= 0.035 bar, balance Hz with H20).

To shed light on genesis of reactivity on LaggSro2C00s, bulk
and surface characterization were performed on the fresh and
post-reaction catalysts (Figure 3). The PXRD pattern shows that
the fresh LaggSro,Co0Os was present in cubic structure.!l The
post-reaction catalysts showed that the material underwent lattice
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distortion, as indicated by the shift of the peaks at 20 = 23.5° and
48° to lower 20 values and splitting of the peaks at 33.5°, 41° and
59°. These peak splittings have been attributed to octahedral
tilting due to oxygen vacancy formationl*®! and lattice
expansion.l'® Interestingly, after exposure to air at room
temperature, the PXRD pattern resembled the original pattern
(Figure S9) suggesting that the lattice distortion under reaction
condition is mostly reversed under oxidizing conditions.??! Metallic
Co was detected in the catalyst used at 623 K. H,-TPR (Figure
S8) showed that the reduction threshold of Co(lll,IV) in
Lap sSro2Co03 was ~553 K, in agreement with the lattice distortion
detected by in situ PXRD (Figure S10).

XPS was used to probe the changes in the catalyst surface
composition post reaction. The Co 2ps, spectra (Figure 3b)
shows that the fresh catalyst mainly featured Co(lll,IV) species,?!
while after reaction, broader peaks appeared along with the
satellite peak at ~785 eV (characteristic of octahedral Co"
moieties). Thus, the Co species in the perovskite undergo partial
reduction during reaction, consistent with the oxygen vacancy
formation. At 623 K, the presence of Co® species at ~778 eV was
detected, corresponding to ~8% Co° at the surface (Figure S11),
in agreement with post-reaction PXRD. The Ols, La 3ds;, and Sr
3d profiles did not exhibit any changes post-reaction (Figure S11).
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Figure 3. Post-reaction characterization of LaosSro2CoOs catalyst (a) PXRD
pattern, and (b) XP spectra. Measurements performed at room temperature.
The dashed lines in (a) corresponds to the main perovskite peaks (ICDD 04-
018-5367) whereas the * indicates the (111) peak of metallic fcc Co (ICSD
622438). In (b), the dashed lines indicates the regions associated the different
Co species.

The concomitant increase in the formation of Co° sites with the
increase in deactivation rate of the catalyst, with reaction
temperature (Figure S2) suggests that Co" sites are crucial for the
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catalyst stability. In order to reinforce the role of Co" sites towards
catalyst stability, anisole conversion was studied on cobalt oxide
(C030,) catalyst under similar reaction conditions. At 473 K, the
induction zone of 3h can be associated with the conversion of
Co0304 to CoO (Figures S14 and S16). At 523 and 573 K, the
catalyst exhibited a higher deactivation rate (first-order constant
0.08 and 0.10 h'%, respectively in Figure S15) than Lag gSro,C0O3,
which is likely associated with the formation of Co metal (Figure
S16). At 623 K, Co304 completely converted into Co metal and
lost all catalytic activity (Figures S14 and S16) in stark contrast to
Lag sSro2C0o03, which still exhibited metal-vacancy pairs at 623 K.

The role of Co'" sites (oxygen vacancies) towards C-O
hydrogenolysis, reactivity was further examined by comparing the
rates for anisole conversion to benzene on LaggSro.Co03; and
LaCoO; (Table S5) at 523 K. Mefford et al. reported a ~0.5 eV
decrease in oxygen vacancy formation energy with Sr substitution
from LaCoOj3 to Lag75Sro2sC003.8 For C-O hydrogenolysis on
oxides following a reverse Mars-van-Krevelen mechanism, this
effect should lead to a higher reactivity.'* 8  Indeed,
Lag sSro2C0o03 exhibited both specific and areal reaction rates an
order of magnitude larger than unsubstituted LaCoOs. These
results strongly suggest the involvement of Co" sites for C-O bond
hydrogenolysis, although other parameters such as surface
composition and crystallinity can also contribute to the superior
performance.???

The hydrogenation relative to hydrogenolysis of benzene on
metals has been suggested to be related to its adsorption
modes.?® While hydrogenation may proceed through a weakly
bound n-bonded intermediate, the hydrogenolysis is promoted by
a strong chemisorption involving multiple metal-carbon bonds.[23%1
On a perovskite surface, we propose that an oxygenate adsorbs
on an oxygen vacancy (Scheme 1). The level of hydrogenolysis
likely depends on the prevalence of the Cao® sites and the resulting
Co-Caomaiic bonds. With an increase in temperature, larger
concentration of surface Ca° sites are formed that promote C-C
hydrogenolysis reactivity.?* 24 Notably, the perovskite matrix
appears to maximize such metal-vacancy pairs over a wider
temperature range than what could be obtained with a regular
monometallic oxide, as shown earlier.
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Scheme 1. Proposed pathways for anisole conversion on LaosSro2CoOs
catalyst surface. Anisole adsorbs on the catalyst surface on an oxygen vacancy
(represented by empty box) and the aromatic carbon atoms are associated with
an ensemble of metallic Co® (represented as Co(0)) moieties.

In order to probe the reaction mechanism for anisole
conversion, we examined the reaction kinetics of C-O and C-C
bond hydrogenolysis from anisole at 523 K. As shown in Figure
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4, both C-O and C-C hydrogenolysis rates exhibit zero order with
varying Panisole SUggesting saturation of anisole intermediates on
oxygen vacancies. Specifically with respect to Py, the formation
of C-O and C-C hydrogenolysis products show reaction order of
2.0 £ 0.1 and 1.1 + 0.1, respectively. Due to the lower reaction
order for C-C hydrogenolysis than C-O, a deleterious increased
selectivity to C-C hydrogenolysis products against benzene
(Figure S18) was observed with decreasing Py, (~8% to ~57% as
Pu2 was decreased from 2.0 to 0.1 bar).

The observed reaction orders are consistent with a mechanistic
model of anisole adsorption and its conversion to benzene on an
oxygen vacancy (Co" sites). With the participation of Co° sites in
close proximity to Co" sites, the adsorbed anisole can also
undergo a sequence of hydrogenation and dehydrogenation
steps to form H-deficient intermediates. The proposed
mechanism (detailed in Supplementary Note 1) shows that the H
content of equilibrated surface species leading to C-C
hydrogenolysis requires H addition to achieve appreciable
coverage of active surface species that undergo C-C bond
cleavage, consistent with the positive reaction order with Py,.2%
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Figure 4. Reaction rate of C-O and C-C hydrogenolysis products from anisole
with varying Panisole (0.008-0.012 bar) and Pu2 (0.1-5 bar) on lanthanum
strontium cobaltite (LaosSro2C0o0s) catalyst (0.1-2.35 g) at 523 K. Reaction
conditions: Protal = 1.013 bar at Prz O 1 bar, else Protal & Prz. N2 was used as a
balance gas when Pz < 1.0 bar.

Previous reports have studied the hydrogenation and
hydrogenolysis of C,-Cs olefins and alkanes on LaCoO3.[?% 240, 261
With the aid of mechanistic analysis and tracer studies with Do, it
was deduced that the hydrogenolysis of olefins to form methane
occurred through H deficient active surface species consistent
with our hypothesis.?®! In contrast to these reports, we do not
observe any hydrogenolysis activity of alkanes. The stabilization
of the bulk oxide lattice appeared to favor catalyst stability with
the partial reduction of Co favoring hydrogenolysis and
hydrogenation activity.?> 2] Due to the catalyst deactivation with
over-reduction to Co metal, Ichimura et al. attributed the
hydrogenolysis activity to Co(lll) moieties,?*?! while Ulla et al.
attributed both the hydrogenation and hydrogenolysis activity to
the presence of Co(0) moieties dispersed on the perovskite
matrix?7® consistent with our mechanistic model for C-C bond
hydrogenolysis.

Overall, our results demonstrate the tunability of the C-O and
C-C bond hydrogenolysis on perovskites with varying
temperature and Py,. While selective C-C hydrogenolysis was
favored at high temperature and low Py, selective C-O
hydrogenolysis can be achieved at low temperature and high Pya.
We also demonstrated the positive impact of Sr substitution on
the C-O hydrogenolysis rates. Together with the possibility of
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substituting other transition metals (e.g., Fe and Ni) in place of Co
in LaCoOgs, our results clearly demonstrate new avenues for
tuning the reactivity of perovskites and for developing highly
active and selective catalysts under mild conditions.
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